By conventional melting and quenching methods, 3Yb 2 O 3 -0.2Tm 2 O 3 -xHo 2 O 3 (wt%, x 0.2 ∼ 1.2) was doped into an easily fiberized tellurite glass with composition of 78TeO 2 -10ZnO-12Na 2 O (mol%) to form YTH-TZN78 glasses. Under 976 nm excitation, the direct sensitizing effect of Yb ions (Yb → Ho) and indirect sensitizing and self-depopulating effects of Tm ions (Yb → Tm → Ho) were found to present intense red upconversion emission at 657 nm (Red, Ho: 5 F 5 → 5 I 8 ) and were responsible for the absence of the usually observed 484 nm emission (Blue, Tm:
Introduction
Nowadays, series of investigations have been focused on Yb∕Tm∕Ho triply-doped glasses (YTH glass) due to their capability of emitting red-green-blue (RGB) luminescence under a 976 nm laser's excitation [1] [2] [3] . YTH glass is an alternative approach to achieve suitable visible laser sources that can be used in medical diagnosis and treatment, bioscience gene sorting, underwater surveillance and communications, allsolid three-dimensional (3D) RGB displays, colorful laser projection, high-density data storage, highresolution printing, and advanced scientific instrumentation [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Take the applications in medical diagnosis and treatment as an example; blue and green lasers are used for diagnosis and localization of cancer, while red lasers can be carried out on cancer cells, a process that directly results in cell death and tissue necrosis [9] .
Compared with other ways to get a visible laser, such as second-harmonic generation and thirdharmonic generation in nonlinear crystals (e.g., BBO crystals), rare earth (RE) ions-doped upconversion fiber lasers have some obvious advantages: They are relatively inexpensive, are compact and easy to install, are length controllable, are self-cooling at a low-power level, have a small beam waist with a radius of μm-level to increase the resolution of the displays, and deliver a high-quality diffraction-limited beam compatible with current silica-based optical communication systems [4] . To develop efficient visible fiber laser by RE ions-doped materials, hosts with low phonon energy are preferred. Among oxide glasses, tellurite glasses have been proven to be with the lowest phonon energy (∼700 cm −1 ) among all the oxide glasses including borate (∼1400 cm −1 ), phosphate (∼1200 cm −1 ), silicate (∼1100 cm −1 ) and germinate (∼900 cm −1 ) glasses.
In this study, we report on the fabrication and characterization of a group of YTH tellurite glasses easy for fiber fabrication. By optimizing the concentration ratios of Yb 3 ∕Tm 3 ∕Ho 3 , a tellurite glass with a composition of 78TeO 2 -10ZnO-12Na 2 O (mol%)
is found to present the highest red light intensity without introducing concentration-quenching phenomenon and is therefore especially suitable for red fiber laser development.
Experiments
A well-known transparent and stable tellurite glass composition of 78TeO 2 -10ZnO-12Na 2 O (TZN78) was chosen as the host material [14] [15] [16] . It has been justified that TZN78 glass with Yb 3 up to 3 wt% could present the highest green light intensity without introducing the concentration-quenching phenomenon [4] . Therefore, 3Yb 2 O 3 -0.2Tm 2 O 3 -xHo 2 O 3 (wt%) were chosen into the host TZN78 glass to form a sequence of YTH-TZN78 glasses, in which x increased from 0.2 to 1.2 with an interval of 0.2. The fabrication details and procedures are as follows: Reagent chemical powders with a purity of over 99.9% were precisely weighted up, homogeneously mixed in a glass bottle, melted in a gold crucible at 800°C for 2 hours inside a specially designed oxygen-atmosphere furnace [16] , poured onto a brass mold at 220°C, annealed at 260°C (close to the transition temperature T g of TZN78 glass) for 3 hours to remove inner stress, and then slowly cooled down to room temperature. The samples were cut into specimens with the size of 10 × 10 × 1 mm 3 and 10 × 10 × 3 mm 3 and were polished to optical quality.
All the optical measurements were carried out at room temperature. Absorption spectra of the samples were recorded by a spectrophotometer (Shimadzu, UV-3101PC) within the range of 400 to 3,000 nm. The fluorescence spectra were obtained by exciting the specimens with a continuous-wave laser diode with an average power of 1.3 W and an estimated pump intensity of 1 W∕mm 2 at 976 nm. A photomultiplier tube (Zolix, PMTH-S1-CR131) were used for visible sensitivity. To probe the concentration dependence of the photoluminescence, the locations of the samples and the pumping source were kept unchanged and the excitation power was unvaried. In our experiment, no saturation and phase separation was observed with increasing Ho 2 O 3 content in the glass up to 1.2 wt%.
Results and Discussion

A. Absorption Properties
The absorption spectra of the YTH-TZN78 glasses are shown in Fig. 1 . The wavelengths of the broadband absorption peaks along with their assignments are given in Table 1 . Among these absorption bands, the peak centered at 451 nm (Ho:
is remarkable even compared with the well-known peak at 976 nm (Yb:
The absorption bands below 380 nm cannot be observed in the spectra as they are immersed in the strong UV-edge absorption of the TZN78 glass [4] . The glass samples present good transparency in the visible region, indicating the possibility of practical upconversion applications as visible fiber lasers [16] . Assuming the same Fresnel reflection for samples of different thicknesses, the absorption coefficient α was calculated from the following equation, similar to the cut-back method used in fiber optics [15] :
in which L is the thickness and T is the transmittance of the tested glass sample. Effect of Ho 3 content on α is shown in Fig. 2 , from which it is found that different α centered at 537 nm, 1,153 nm, and 1,950 nm linearly increase with the doping concentration of Ho 3 by subtracting the intrinsic or background absorption from the host TZN78 glass and neglecting the surface induced difference in reflectance among the tested samples [4] . The result shows that our experiment error can be neglected as a whole. In Fig. 2 , the slope of the absorption coefficient α centered at 538.8 nm dependent on the Ho ions concentration is about 2.016, which may be involvecess for Ho 3 :
B. Emission Properties
As shown in Fig. 3 , under 976 nm excitation, the YTH-TZN78 glasses emit intense upconversion fluorescence in the visible region centering at 543 nm (Green, Ho: 5 S 2 → 5 I 8 ) and 657 nm (Red, Ho:
5 F 5 → 5 I 8 ), respectively [3] . The red and green emission bands are inhomogeneously broadened due to site-to-site variation in the local ligand field. The sample shows bright orange-yellow fluorescence, which can be regarded as a combination of the red and green emissions with a certain ratio and can been easily seen by naked eyes as inserted in Fig. 3(a) , indicating that the upconversion process in the current YTH-TZN78 glasses is very efficient. As mentioned in [3] and [17] , the emission intensity of green light is much stronger than that of the red one in Tm 3 ∕Ho 3 ∕Yb 3 triply-doped bismuth tellurite glasses and Ho 3 ∕Yb 3 codoped lead bismuth gallate oxide glasses, while in the YTH-TZN78 glass samples, the emission intensity of red light is almost three times of that of green light due to different ligand fields. For different types of tellurite glasses, glass network moderates and modifiers can still change the ligand fields dramatically. As shown in Fig. 3(a) , the near-infrared (NIR) emission at 1187 nm (Ho: 5 I 6 → 5 I 8 ) increased linearly with Ho concentration, while the NIR emission at 1019 nm (Yb:
2 F 5∕2 → 2 F 7∕2 ) kept almost as a constant, justifying the repeatable experimental conditions for the same dopant concentration of Yb.
When pumped by a 976 nm diode laser, Ho 3 and Tm 3 ions cannot absorb excitation energy directly due to the lack of matched energy levels [1] , but Yb 3 ions can absorb the NIR radiation efficiently and transfer the excitation energy to Ho 3 and Tm 3 as shown in Fig. 4 , including two direct sensitizing (DS) processes (Yb → Ho; Yb → Tm) and one indirect sensitizing (IDS) process (Yb → Tm → Ho) [18] . Considering the absence of the usually observed 484 nm emission (Blue, Tm: ,19] and further comparing the fluorescence spectra of Ho 3 ∕Yb 3 codoped TZN78 (YH-TZN78) glasses [20] with current YTH-TZN78 glasses in Fig. 5 transfer energy from Yb ions to Ho ions to enhance the red emission of Ho ions but depopulate their own blue emission at the cost; i.e., IDS and selfdepopulating (SDP) effects of Tm ions, which are the first of their kind to be reported, to the best of our knowledge. It is easy to understand the DS effects from Yb to Ho∕Tm including the cooperative energy transfer upconversion process, ETU, and two emission stimulated absorption processes, ESA1 and ESA2, presenting the observed red emission at 657 nm (Red, Ho: 5 F 5 → 5 I 8 ) and the green one at 543 nm (Green, Ho:
5 S 2 → 5 I 8 ). Therefore, we would like to focus on the newly found IDS and SDP effects from Yb to Ho via Tm more in detail: Due to the similar energy level of Tm 3 H 5 ∕Ho 5 I 6 and Yb 3 2 F 5 , the energy is easy to be transferred from Yb to Tm and Ho through direct ET1 and ET2 processes. It is noted that Tm 3 F 4 has an almost equal energy level to that of Ho 5 I 7 due to the small energy gap (∼600 cm −1 ) [21] , and therefore Tm can act as the effective medium to transfer the absorbed energy from Yb to Ho in the end; i.e., the IDS process involved with ET2 and ET3. This IDS process also terminated two upconversion processes ESA3 and ESA4 and was responsible for the absence of the usually observed 484 nm emission (Blue, Tm :
, which can be regarded as a SDP process of Tm ions.
The dependence of upconversion luminescence intensity of YTH-TZN78 glasses on Ho 3 concentration is shown in Fig. 6 . With increasing Ho 2 O 3 content, both red (657 nm) and green (543 nm) emission intensities increased due to the shortened distance between RE ions until x 0.4 wt% for this certain TZN78 glass with the maximum intensity at 657 nm. When the concentrations of Ho 3 further increase, starting from 0.4 wt% to 1.2 wt%, the intensity of the visible emission at 657 nm and 543 nm decreased dramatically, for which the reason is the reabsorption effect and concentration-quenching effect originating from the limited interstitial positions in YTH-TZN78 glass [4] . We estimate, as reported in [22] , that the average ion-ion distance R c corresponding to the maximum fluorescence in our experiment is much larger than the maximum distance for which energy exchange is accessible. Therefore, multipolar interaction is the most probable process involved in concentration quenching. Dipole-dipole interaction is assumed to be the main process involved in the fluorescence decline at higher concentration of the RE ions due to the energy level match among different kinds of RE ions and also the low phonon energy of the TZN78 glass.
Conclusions
In summary, a group of YTH triply-doped tellurite glasses were fabricated and characterized for the purpose of developing efficient visible fiber lasers, especially for the 657 nm red light fiber lasers. An easily fiberized tellurite glass with a composition of 78TeO 2 -10ZnO-12Na 2 CO 3 (mol%) 3.0Yb 2 O 3 -0.2Tm 2 O 3 -0.4Ho 2 O 3 (wt%) was found to present the highest red emission intensity. Regardless of the dopant concentration of Ho ions, the red emission intensity at 657 nm is about three times stronger than that of the green one at 543 nm. Significant enhancement of the red upconversion has been observed in YTH-TZN78 glasses due to the cosensitization effect of Yb 3 and Tm 3 ions. Tm is firstly found to act as a sensitizing medium to transfer energy from Yb to Ho, which in turn terminates its own blue emission at 484 nm. With the 22 nm, full-width at half-maximum centering at the red peak of 657 nm, YTH-TZN78 glass-based fiber devices will have potential medical applications including the development of super-high resolution optical coherence tomography.
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